Conventional masonry units are made of clay with high temperature kiln firing or Ordinary Portland Cement (OPC) concrete mix. However, these conventional masonry unit production methods require intensive energy inputs and abundant raw materials. This predicament has led the researchers to look for sustainable methods of producing masonry units. Subsequently a research has been carried out to develop cement masonry unit incorporating Untreated Rice Husk Ash (URHA) and Water Treatment Sludge (WTS). Especially an attempted has been made to partially replace OPC and Quarry Dust (QD) by URHA and WTS, respectively. Totally nine different mix proportions of OPC, URHA, WTS and QD were used. The mechanical and durability characteristics of those masonry unit specimens were investigated to verify the suitability of the proportions. No significant changes in the mechanical and durability properties were noted in replacing OPC by URHA up to 15%. However, replacement of QD by WTS considerably deteriorated the mechanical and durability properties. Therefore, it was proposed to incorporate maximum of 15% URHA and WTS for the production of masonry unit as it complies with the strength requirements of EN 1996-1-1:2005 and EN 1998-1: 2005 for masonry structures.
Introduction
Manufacturing construction materials are increasingly becoming challenging due to the limited availability of raw materials and energy input concerns. The cement production alone account nearly 5-6% of total generated CO 2 emissions [1, 2] . Therefore, the need for sustainable way of manufacturing construction materials has been discussed over the decades [3] [4] [5] [6] . Particularly masonry is widely used in low and medium rise buildings around the world. The main constitutive material used in the masonry construction is the unit, which can be brick or block depending on the perforation percentages [7, 8] . Commonly kiln fired clay bricks and Ordinary Portland Cement (OPC) concrete blocks are used as masonry units. However, production of these fired clay bricks and concrete blocks consumes intensive energy and raw materials, which has become an environmental concern in the present day world.
Therefore, this predicament has directed the researchers to shift their forces towards developing more sustainable masonry units from waste materials with less energy inputs. Turgut [9] and Zhang [10] have outlined various ways of manufacturing sustainable masonry units from past researches. Mostly the supplementary cementitious materials such as fly ash [11, 12] , blast furnace slag [13, 14] and rice husk ash (RHA) [15, 16] were used to partially replace the OPC usage in the concrete/ cement masonry unit manufacturing. In particular, the rice husk is a major byproduct of the rice milling process. This agricultural waste is profusely available in all the rice producing countries. The RHA is produced by burning rice husks during biomass energy generation. The most important characteristic of RHA is the high amorphous silica content that determines the pozzolanic activity. Also RHA consists of high porous particles leading to a low bulk unit weight and high external surface area. RHA performs like fly ash and blast furnace slag with regard to its strength development in cementitious binders, however its higher silica content helps the pozzolanic reaction occur at later stages than the other supplementary cementitious materials [17] .
A few studies have been carried out on using RHA for masonry unit manufacturing. Kazmi et al. [18] used RHA and waste sugarcane bagasse for clay brick production and found that 15% of RHA could be potentially used for unit manufacturing with reduction in density and increment in porosity. Gorhan and Simsek [19] have developed porous clay bricks with RHA and achieved compressive strengths of 7 to 10 MPa with different proportions of mixes. It was commonly observed that the use of 20% RHA can possibly give acceptable strength and durability properties for masonry units [20, 21] . However, the burning temperature and duration of the rice husk play an important role in the characteristics of RHA [22] as they determine the amorphous silica content. Therefore, directly utilising the untreated RHA (URHA) as cementitious material needs systematic investigation.
Instead of clay and natural aggregates, various industrial and agricultural wastes such as textile effluent [23] , polystyrene foam [24] , palm oil fuel ash [25] , bio ashes [26] , waste rubber [27] , and waste paper pulps [28] were incorporated as fillers in masonry unit production. Also recycled construction demolition wastes were used to partly replace the natural aggregate in the masonry unit production [29] . Water treatment sludge (WTS) is a waste from the water treatment process. The increasing demand for treated water simultaneously produces significant amount of WTS for disposal and it is normally dumped in landfills. Therefore, using WTS as an aggregate in masonry unit production could be a prudent solution to alleviate the waste disposal problems.
Liew et al. [30] investigated the addition of sewage sludge ash into masonry unit production and suggested to use maximum of 20 to 30% of sludge ash instead of natural clay. Lin et al. [31] found that the incorporation of the sewage sludge ash up to 10% into a clay brick increases the water absorption and decreases the mechanical strength. Few more studies have been attempted to utilize the WTS for manufacturing construction materials [32, 33] . It is commonly reported that the WTS has a similar mineralogical composition to clay and addition of WTS over 15% increases the water absorption and reduces the mechanical strength of masonry unit.
Therefore, use of URHA and WTS into masonry unit production not only alleviates disposal problems of these industrial waste but also has economic, ecological and energy saving advantages. This research explores the possibility of producing masonry units by partially replacing OPC and natural aggregates by URHA and WTS, respectively. The quarry dust (QD) was used as the additional filler in this research. Nine different mix proportions of OPC, QD, URHA and WTS were investigated to determine the correct mix proportion suitable for masonry unit production. The density, porosity, water absorption, sorptivity, compressive strength, durability, and shrinkage characteristics of mix proportions were examined to decide the correct mix proportions for masonry unit production in this research.
Materials
OPC, QD, URHA, and WTS were used as the raw materials in this research. The characteristics of each material used in the research are briefly explained below.
OPC
OPC used in this research was classified as ASTM Type 1 cement. The specific gravity and Blaine fineness of the OPC were 3.12, and 320 m 2 kg − 1 respectively [34] . The particle size distribution (PSD) was determined using laser diffraction particle size analysing method, where the samples were dispersed through optical bench and the series of lasers beamed to measure the intensity of light scattered by the cement particles and later the scattered data was analysed using the instrument software to determine the PSD. The chemical composition of the OPC was determined through X-ray Analytical Microscope using X-ray fluorescence (XRF) method with high spatial resolution -from 1.2 mm down to 1 μm. The results of PSD and XRF analysis of OPC are in Fig. 1 and Table 1 respectively.
URHA
The URHA was obtained from Bio Energy Solution Limited, Sri Lanka. The acquired URHA in this research was heated between 600 to 800°C during the biomass production and no further treatment was carried out. The specific gravity and Blaine fineness of the URHA were 2.85 and 260 m 2 kg − 1 respectively. Figure 2a shows the scanning electron microscopy (SEM) image of URHA. The SEM image clearly indicates the presence of irregular and highly porous structure of URHA. The PSD analysis of URHA reveals that particle size of URHA varies between 100 to 800 μm. It can be said that URHA particles are coarser than the OPC used in this research. This is expected as the URHA was used without any pre-treatment or grinding in this research. The chemical composition of URHA is provided in Table 1 . The XRF analysis reveals that the URHA contains considerable amount of silicon (74.4%), potassium (5.1%) and iron (3.9%) oxides. It was noted that the loss on ignition is nearly 10%, which could be due to the uncontrolled burning process (burning temperature fluctuated as mentioned before). Further the X-ray Diffraction (XRD) analysis of URHA was carried out using a standard bench top X-ray diffractometer. The XRD analysis depicted peaks at 12°(2θ) and 24°(2θ) that designate the predominantly silica existing in amorphous form in URHA.
WTS
The WTS was acquired from the nearby water treatment plant. The specific gravity of the WTS was 2.4. Figure 2b shows the SEM image of WTS. It can be seen that the microstructure of WTS characterises the crystal structure in the form of stack of layers interspaced with the interlayers similar to clay structure [35] . The XRF analysis indicates silicon (34.6%), aluminum (24.3%) and iron (22.5%) oxides (Table 1) in crystal form, similar to clay. Also the XRD analysis detected peaks at 28°(2θ) and 36°(2θ) that point to the silicate and aluminate present in WTS. Therefore, it could be said that the quartz and albite exist in WTS. The higher content of quartz and albite is justifiable as WTS was obtained as the residue of water treatment process, where the untreated river water would have higher content of suspended clay particles. The gradation of the WTS is presented in Fig. 3 . Hydrometer analysis was carried out along with sieve analysis to determine the complete gradation of WTS. The calculated fineness modulus of WTS was 0.9.
QD
QD is produced in the quarries during aggregate crushing process as a by-product and widely used as a blend in the road sub-base construction. The measured specific gravity of the QD was 2.71. The sieve and hydrometer analysis were carried out to determine the gradation of QD. The gradation of selected QD is also shown in Fig. 3 . Graded QD passing through 4.75 mm sieve with fineness modulus of 2.9 was used as aggregates in this research. Further, a comparable trend of gradation was observed between QD and WTS.
Testing procedures
All the mixes were made by volume proportion and no admixture was added during the mixing. The volume ratio between cementitious materials to aggregate was kept as 1:5 in all the trials. 1-L laboratory graduated cylinder was used to accurately measure the volume mix proportions. In order to correctly maintain the volume mixing, the masses of the added materials were also recorded while measuring volume for each proportion. Table 2 gives the volume mix trials and the corresponding mass proportions (for 1 m 3 mix) used in this research. Additionally, the water to cement ratio (w/c) by mass of all the trials were fixed to 0.4 after a several mixing trials. The OPC, QD and water were initially mixed for nearly 3 min and then the WTS and URHA were later added to the mixes. Thereafter materials were thoroughly mixed for about 5 min prior to the samples preparation. The density, porosity, water absorption, sorptivity, compressive strength, durability and shrinkage properties of the trials were determined as the primary quality control testing methods for masonry unit production. In the following sections, those testing methods are briefly explained.
Density measurement
The dry density of hardened specimens was determined at 28-d of preparation. All the specimens were air cured. Four cubes of 70-mm similar to compression testing specimens (explained later) were prepared to determine the dry density. Initially the specimens were completely immersed in water at room temperature (28 ± 2°C) for 24 h and immersed masses were measured. Then the surface saturated mass (SSD) was taken after sponging off the damped surface. Later the specimens were dried in oven for 24 h and the constant dried masses were recorded. Finally, the dry density of each specimen was determined. Additionally, the difference in masses between the water saturated and dry conditions was used to calculate the apparent porosity as according to Eq. (1).
Porosity
¼ SSD Mass − Dry Mass SSD Mass − Immersed Mass ð1Þ
Water absorption test
The water absorption of masonry unit is one of the main parameters that affects the bond development with mortar. Also the water absorption of masonry units related to the durability of masonry structures. The water absorption of specimens was measured after 28-d of curing as per ASTM C140/C140M-17b [36] . Four 70-mm cube specimens were casted to determine the water absorption. Initially specimens were dried in oven at 60°C for 24 h to determine the dry masses. Later specimens were immersed in deionized water at room temperature for 24 h. Then the mass changes were measured between the dry mass and constant saturated mass to determine the water absorption.
Soprtivity test
The sorptivity of cementitious material defines the rate of absorbing and transmitting water by capillary action. The method developed by Taha et al. [37] was used to determine the sorptivity of specimens in this research. Four rectangular prisms with the dimensions of 40 × 40 × 160 mm were cased. After 28 d of casting, specimens were dried in oven for 24 h to determine the dry mass. Afterward the longer sides of the specimens were wrapped with insulation tapes for waterproofing and unwrapped side of the specimens were immersed partially in the water to a depth of 5 mm. Thereafter mass readings 
where S is the sorptivity, i is the water absorption per unit area of inflow surface and t is the elapsed time.
Compression test
Six cubes of 70 mm were casted to determine the unconfined compressive strength of the specimens. It was decided to cast only 70 mm cubes as masonry unit specimens rather than conventional size masonry units for compression test to ease the specimen preparation and testing. The compression testing was carried out after 28 d of casting. All the specimens were water cured for 14 d and remaining 14 d were air cured at room temperature. Compression testing machine of 1000 kN with the loading rate of 0.5 mm min − 1 was used for the testing. Plywood caps of 3 mm were inserted in between specimen and loading platens to reduce platen restrain effect between the specimen and loading platens. This plywood capping method is recommended in masonry unit testing standards such as ASTM C140/C140M-17b [36] .
Wetting and drying test
The durability of specimens was determined by wetting-drying cyclic test as per ASTM D559/D559M-15 [38] . Four 70-mm cube specimens were casted to assess the durability of the trial mixes. After 28 d of curing, the specimens were submerged in deionized water at room temperature for 5 h. Later they were dried in oven at 70°C for 48 h and thereafter air dried at room temperature for 3 h. This process was considered as one cycle and the change in mass was recorded after each cycle. Subsequently the cycles were continued to record the change of mass until the specimens show resistance to mass loss.
Shrinkage measurement
ASTM C426-16 [39] was followed to determine the linear shrinkage of the trial mixes. Four shrinkage specimens per each trial were casted in the moulds of 40 × 40 × 160 mm dimension. Initially the lengths of the specimens were precisely measured and water saturated for 48 h. Thereafter the specimens were dried in oven at 50°C for 5 d. Then the specimens were cooled at room temperature and the lengths were measured again. The change in length was considered as the linear shrinkage of the particular cycle. Thereafter the specimens were returned to the drying oven for of 48 h. This process was continued until the recorded length change was negligible.
Results and discussion
The average density, water absorption, porosity, sorptivity and compressive strength measurements of the trials are given in Table 3 . As stated before, the average values were determined by testing at least four samples for each property and trial, except the compressive strength, where the six samples were tested each trial. The coefficients of variations (%) are given in parentheses.
Density
The dry density of the trials varied between 1716 and 2182 kg m − 3 . The results indicate replacement of URHA up to 20% did not considerably change the density of the specimens. However, the introduction of 20% WTS has reduced the dry density by 35% compared to the reference trial. This is due to the fact that the WTS had lower specific gravity than QD. All these specimens (Except trials 8 and 9) could be regarded as dense aggregate units as according to ASTM C55-16 [40] as their densities were above 2000 kg m − 3 . The trials 8 and 9 can be regarded as medium weight masonry units as their densities were within 1680 to 2000 kg m − 3 range.
Water absorption and porosity
It can be seen no significant changes in water absorption with the replacement of OPC by URHA in the trials. However, the partial introduction of WTS by 20% in the trial has increased the water absorption by 100% compared to the reference trial. This is due to the high water absorption and retention characteristics of WTS, which has higher content of clay. Additionally, the partial usage of WTS has increased the porosity of the trials. This could be due to the poor bond development between WTS and cementitious nature in the trials. The ASTM C55-16 [40] specifies that the dense and medium weight masonry units should have maximum water absorption of 8 and 11.3% respectively. Therefore, expect for the trial 9 (20% URHA and 20% WTS), all other trials satisfy the requirement in terms of water absorption for masonry unit production.
Sorptivity
No significant change in soprtivity was noted among the trial 1 to trail 8 as they vary between 0.0013 to 0.0015 g mm − 2 min -0.5 . However, sorptivity of the trial 9 was 0.0017 g mm − 2 min -0.5 . The increase in sorptivity of trial 9 could be due to the higher WTS content in the trail.
Compressive strength
The replacement of URHA did not significantly alter the compressive strength at 28 d. Only the URHA addition of 15% specimen (Trial 4) has slightly increased the compressive strength by 10% compared to reference trial 1. Further addition of URHA up to 20% reduces the compressive strength by 15%. Similar results were reported in previous studies [41, 42] . This phenomenon is due to excessive amount of amorphous silica present in URHA which is higher than that for required reaction. Therefore, the excessive silica replaces part of the cement and does not contribute to the strength gain. Further the reduction of the compressive strengths is also justified by the reduction in the densities of the trials.
Moreover, the introduction of WTS has considerably reduced the compressive strength of the specimens. The replacement of WTS beyond 15% to QD did not produce acceptable compressive strength as it dropped to 1.54 MPa. The combination of excessive URHA and WTS in trail 9, could have contributed poor hydration process and bond between cementitious paste and aggregates.
The minimum compressive strength of masonry unit specified in ASTM C55-16 [40] for load-bearing walls construction is 13.1 MPa. Therefore, expect the trials 8 and 9, all other trials comply the above compressive strength requirement. As according to ASTM C129-17 [43] , a non-loading masonry unit should have minimum of 3.45 MPa compressive strength. Therefore, the trial 9 fails even to qualify as non-loading masonry unit in this research.
The BS EN 1996-1-1 [7] outlines to use the normalized strength of masonry units for design. The normalized strengths of units take into account the shape factor (i.e., height to width relationship) as there are many sizes of masonry units available in the market, where the compressive strength of any size of the masonry unit is covered to normalized compressive strength (i.e., 100 mm height × 100 mm width). To obtain the normalized strength, the mean strength should be corrected as according to BS EN 771-3 [44] based on the aspect ratio of the developed units (in this case 70 mm height to width). Therefore, the mean compressive strengths obtained in this investigation were multiplied by 0.94 (obtain from BS EN 771-3 [44] ) as the tested specimens were only 70 mm cubes. Further BS EN 1996-1-1 [7] and BS EN 1998-1 [45] state that the allowable minimum compressive strength of masonry design should be 5 MPa. Therefore, except trial 9, all other trials have given normalized compressive strengths more than 5 MPa. Since masonry is commonly used for typical low-rise building structures, the minimum compliance 5 MPa could be more appropriate for the selection of masonry unit in most design situations. Therefore, it could be said that the optimal level of replacement of URHA and WTS could be 15% for masonry unit production from the trials tested in this research.
Wetting and drying Figure 4 shows the variation of weight loss of the trials with cyclic wetting-drying. The cumulative weight losses of the trials after tenth cycle were in the range of 0.47 (reference trial) to 2.5%. In general, the cumulative weight loss increased up to six wetting-drying cycles for all trials. Beyond the sixth w-d cycle, the weight loss almost became constant for trials 1 to 6 (i.e., only 5% URHA and WTS replacement). It can be seen that there is no significant weight loss difference observed among trials 1 to 5. However cumulative weight loss of trial 6 is almost double that of trial 1. Nevertheless, the trials 7 and 8 demonstrated continuous weight loss up to eighth cycle and stopped after the tenth cycle. However, the trial 9 mixes depicted continuous weight loss up 2.5% after tenth cycle. The ASTM D559/D559M-15 [38] does not clearly specify any limitation for the weight loss percentage; however, the weight loss of trail 9 is not acceptable in the context of masonry construction as it mostly exposed to external weathering. Figure 5 shows the drying shrinkage characteristics of the trials. The values of drying shrinkage varied from 0.018 to 0.19%. It can be clearly seen that the shrinkages of URHA and WTS replaced trials were higher than that of the reference trial. However, their shrinkage trend became constant after the fifth cycle of repetitive cooling and drying process. The usage of URHA has increased the shrinkage of the specimens. This could be due to the higher porous nature of URHA, which contributed to the higher shrinkage while continuous hydration. Also introduction of WTS also degraded the shrinkage characteristics of the trials. It can be noted that the usage of 20% WTS along with 20% URHA (trial 9) exhibited the highest shrinkage characteristics in the research. Figure 6 shows the SEM images and Energy dispersive X-ray (EDX) analysis of trial 1, trial 5 and trial 9 specimens. Only these three trial specimens were considered for SEM and EDX study as they were considered the most significant among all trials (Trial 1 is the reference, Trial 5 has the highest URHA addition and Trial 9 has the highest URHA and WTS usage). The analyses were carried out after 28 d of casting. The samples were dried at critical point and gold coated prior to SEM analysis. The focused areas of the SEM images and EDX analysis were at the aggregate and cementitious paste interfaces (Indicated in white box). It can be seen from the Fig. 6a and b that the microstructure of trial 1 and 2 specimens is homogeneous and densely formed. Also SEM images clearly show the C-S-H and C-A-H formation and their presence in the chemical composition was supported by EDX spectrums. The EDX analysis detected nearly similar amount of silica, calcium, aluminum, potassium and sodium compounds in both trials. Therefore, it can be pulsated that use of URHA up to 20% in cement alone increased the silica content sufficiently which also increased the formation of C-S-H products. This justifies the analogues mechanical and durability properties of both trials.
Shrinkage

Micro-structural analysis
Loose cement paste and aggregate bonding can be visible in Fig. 6c of trial 9 specimen. Addition of 20% URHA and 20% WTS have increased the amorphous silica and aluminum content leading to excessive unreactive particles in the trial 9. With excessive silica, the microstructure of trial 9 mix became looser with more pores and cracks. The cracks always appeared on the interface between the aggregate and the paste, which lowered bond between them. This phenomenon was signified by EDX spectrum of trail 9 that the excessive silica and aluminum had lowered the calcium content, which consequently reduced the formation of C-S-H and C-A-H. Also the excessive unreacted silica particles could have acted as inert, subsequently reduce the strength properties of the trail. Therefore, the SEM and EDX analysis of trial 9 samples is well in agreement with the strength and durability results.
Summary and conclusions
The use of industrial wastes such as of URHA and WTS as raw materials to produce masonry units contributes to the sustainable development. The research shows that the incorporation of URHA and WTS to manufacture masonry bricks is feasible. Initially the chemical composition of raw materials was analysed through SEM, XRF and XRD examinations. Thereafter nine different volume proportions of OPC, QD, URHA and WTS were trialed to find the correct mix proportion to produce masonry units in this research. Furthermore, the mechanical and durability characteristic testing 
